Abstract:
In this study, we demonstrate high-performance printed all-polymer solar cells based on bulk-heterojunction (BHJ) blend film using PTzBI as the donor and N2200 as the acceptor. A slot-die process was utilized to prepare the BHJ blend, which is a cost-effective, high-throughput approach to achieve large-area photovoltaic devices. The real-time crystallization of polymers in the film drying process was investigated by in situ grazing incidence wide-angle X-ray scattering characterization.
Printing was found to significantly improve crystallinity of the polymer blend in comparison to spin-coating. Moreover, printing with 1,8-diiodooctance as the solvent additive enhanced the polymer aggregation and crystallization during solvent evaporation, eventually leading to multi-length-scale phase separation, with PTzBI-rich domains in-between the N2200 crystalline fibers. This unique morphology achieved by printing fabrication resulted in an impressively high power conversion efficiency of 9.10%, which is the highest efficiency for reported printed all-polymer solar cells. These findings provide important guidelines for controlling film drying dynamics for processing all-polymer solar cells.
Introduction
Thin film organic photovoltaic (OPV) devices have attracted great interest from both the academic and industrial communities due to their lightweight, high flexibility, and amenability to cost-effective roll-to-roll fabrication. Recently, the overall photovoltaic performance of OPV devices has significantly increased due to the rapid progress of new photoactive materials and advanced device engineering. [1] [2] [3] [4] [5] [6] [7] However, a major obstacle for the rapid expansion of the OPV sector is that most of the reported highly efficient devices are prepared by spin-coating, where ~90% of the material is lost and the kinetic processes, including solvent evaporation, crystallization and phase separation, are far different than printing processes used on a commercial level.
Consequently, it is difficult, if not impossible, to extrapolate results from spin-coated materials to active layers used for device fabrication. One effective strategy to address this issue is to use printing techniques, such as doctor blading, slot-die coating, or ink 3 jet printing that are high-throughput, material-efficient (99% of material retrieved), and are very compatible with the large-area production. [8] [9] [10] Unlike spin-coating, the solvent removal rate in thin film printing is slower, and, therefore, can allow for the formation of more ordered crystalline domains. The kinetic pathways of thin film printing are more likely to promote the formation of large aggregated domains, while spin-coating kinetic processes are arrested at an earlier stage due to rapid solvent evaporation. These differences can markedly impact exciton dissociation and charge transport in bulk-heterojunction (BHJ) thin films that dictate optoelectronic processes and determine the power conversion efficiencies (PCEs). [11] [12] [13] All-polymer solar cells (all-PSCs), comprised of a polymer donor and a polymer acceptor, have excellent optical and electrical stability, and specific advantages of mechanical properties that were favorable for long-term operational stability. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Previous efforts in printing devices based on fullerene derivatives or small molecule acceptors indicated that the photovoltaic performance could be controlled, to some extent, by manipulating the printing conditions. [25] [26] [27] [28] [29] [30] [31] [32] However, much less effort has been devoted to all-PSCs primarily due to the lack of an effective strategy to control the intricate morphology during printing. [ 33 -35 ] Ade and coworkers found that multi-length scale morphology of printed all-polymer blend, could be controlled by the incorporation of solvent additives, but an enhanced multi-length scale phase separation did not positively impact solar cell efficiency. [34] Bao and coworkers found that the P3HT:PNDIT blends showed a strong tendency to phase separate into large domains due to crystallization, which significantly reduced exciton splitting at the donor/acceptor interface. [35] Consequently, the morphology has proven to be the bottleneck in printed all-PSCs development, leading to PCEs far below the highest reported efficiencies (~11%) of spin-coated devices. [36] [37] [38] [39] Control over the morphology of all polymer BHJ films has been achieved via various approaches, including but not limited to, tuning material structures [40] [41] [42] [43] [44] [45] , altering film processing solvents [46] [47] [48] [49] [50] , processing with solvent additives [51] [52] [53] , post treatments for the films [37, 54, 55] , improving film deposition methods [33, 56] and so forth. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Here, we fabricated all-PSCs based on an electron-donating polymer PTzBI and an electron-accepting polymer N2200 (the chemical structures shown in Figure 1a ) that can be printed from 2-methyltetrahydrofuran (MTHF), an ecofriendly solvent [50] , in the presence of a small amount of 1,8-diiodooctane (DIO) as the solvent additive. [57, 58] Devices fabricated by slot-die printing showed impressively higher PCEs of 9.10%, the highest efficiencies reported for printed all-PSCs. The superior device performance is attributed to the enhanced crystallization of the polymers and multi-length scale morphology achieved by BHJ film printing with DIO additive.
Results and Discussions
To , and a fill factor of (FF) of 0.65 ± 0.01, very similar to that reported previously. [50] When the polymer blend was processed by spin-coating with DIO, the FF dramatically increased to 0. Detailed photovoltaic parameters are given in Table 1 . The different OPV performances suggested significant morphological differences for the PTzBI:N2200
blends prepared by spin-coating and printing, as well as with and without DIO. and printing (P) methods. a The static parameters were averaged from ten separated devices.
PTzBI:N2200 blends are all polymer systems that have multiple crystallization kinetics. To gain an in-depth understanding of the morphology development, in situ grazing incidence wide-angle X-ray scattering (GIWAXS) was conducted. The in situ experimental setup was similar to our previous report. [26] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 diffraction peak area or intensity significantly decreases in the wet-film with DIO in comparison to that in the film without DIO. This can be attributed to two major reasons: (1) the presence of DIO that retards crystallization; (2) the absorption of the DIO. Since the absorption of DIO is much greater than the polymer (Figure S4 ), the diffraction intensity will be less. Due to the slow evaporation of DIO, the (010) peak in the OOP direction was not discernable even after ~18 s. Thermal annealing was used to completely dry the film. Consequently, the presence of DIO significantly altered the evolution of the morphology. The much-improved CCL of the (100) peak
indicates that high quality polymer crystals can be obtained. It is expected that the conformation of the solubilizing side chains of the polymer are extended when DIO is present, thus a better chain locking is achieved in (100) direction when the thin film was fully dried. The absence of the (001) reflection indicates a lack of correlations along the chain axis which may reflect a conformational disorder induced by the interactions of the chain with DIO. (e) (010) peak, (f) (100) peak, and (g) (001) peak of the wet-film without DIO; (h) (100) peak of the wet-film with DIO. printed thin film shows a week (001) peak, indicating poor electron density correlations along the chain axis. Therefore, it is quite important to remove the DIO after film printing and to thermally anneal subsequently. DIO is a high boiling point liquid that can swell or reside within the BHJ thin films, its slow removal, in comparison to MTHF, could lead to a much improved structural order of the BHJ thin films, wherein the CCL of the (100) can increase up to several tens of nanometers.
The DIO swelled thin film has a larger (100) CCL in comparison to the fully dried thin film, indicating that the removal of the DIO disrupts the interchain packing. The chain packing achieved with printing is enhanced over that seen with spin-coated films, as evidenced by the increase in the CCLs of the (100) and (001) reflections.
This, more than likely, arises from the slower drying kinetics, affording more time for chain reorganization and ordering during film drying. The (100) peak intensities of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 these four blends were also investigated. To understand the behavior of the peak intensities of the film processed with and without DIO, line-cut profiles in the high q region (~2.6 Å -1 ) were normalized ( Figure S6 ). In this region, there is no structural information and the scattering arises primarily from thermal density fluctuations and incoherent scattering. We assumed this was similar for all the samples investigated.
For the spin coated samples, the addition of DIO was found to decrease the (010) peak intensity, but showed no effects on the (100) intensities. However, with the printed sample, DIO was found to significantly enhance the both (010) and (100) Transmission electron microscopy (TEM) was used to image the morphology of the blend films in real space (Figure 4) . The TEM image of PTzBI:N2200 blend film spin-coated without DIO showed a fiber-like structure (bright regions) throughout the entire film, which can be attributed to the N2200 crystalline aggregates. [60] These fibrils became finer when the film was processed with DIO. Such a delicate fibrillar structure facilitates charge transport in the blend films, one of the origins of the drastic FF improvement in the resultant devices. The blend film printed without DIO showed similar fibrillar features but with slightly larger fibrils when compared to the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 spin-coated films, since the drying during printing is slower, affording more time for polymer chains to order. For the blend films printed with DIO, a mesh-like fibrillar structures is seen. The film also appears coarser when compared to films printed without DIO, since DIO not only induces polymer packing but also aggregation; this leads to a multi-length scaled morphology. The dark regions in the micrograph arise from the PTzBI-rich domains containing the crystalline and amorphous phase, whereas the N2200 crystalline fibrils are distributed in the PTzBI-rich domains boundaries. Resonant soft X-ray scattering (RSoXS) was performed to determine a statistical average of the domain size of the blend films. The contrast function of the PTzBI:N2200 film can be calculated from the near edge X-ray absorption fine structure (NEXAFS) spectra of the neat films ( Figure 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 DIO, indicating the lower efficiency of the exciton dissociation process.
Consequently, despite the traps inside the BHJ blend are decreased, the exciton dissociation and hole transport are not highly improved, leading to the slightly decreased JSC. However, the combination of enhanced μe and decreased μd affords the electron/hole transport balance, giving an increased FF for device processed with DIO.
Therefore, the multi-length scale morphology coupled with fibrillar structures that generated by printing with DIO is advantageous in suppressing charge recombination and promoting the balance for charge transport. These factors lead to the significantly increased device FF and efficiency.
Collectively, the GIWAXS, TEM, and RSoXS provide insight into the evolution of the PTzBI:N2200 blend film morphology during printing without or with DIO.
Initially, both polymers are solubilized with pre-aggregation in MTHF regardless of any additive. [50] For blend film processed without DIO, as the MTHF evaporates, the concentrations of the polymers increase and they begin to crystallize. The crystals grow rapidly and phase-separation occurs, with the continued evaporation of the residual solvent, the ordering improves, as evidenced by the decreased d-spacings and the increased CCLs, and the increase in the peak area. For blend film processed with DIO, when most of the MTHF is removed, a rapid crystallization of the polymers and the initial stages of phase separation occur, similar to that seen without DIO. With concentration increasing of the non-solvent DIO, both PTzBI and N2200 show enhanced aggregation and continues to crystalize. The chain packing of the PTzBI improves forcing N2200 to the boundaries, whereas the ordering of the N2200 improves, forming fibrils that surround the PTzBI-rich domains, leading to the formation of a multi-length-scale morphology.
Conclusion
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